Nanopatterned sapphire substrates offer the potential for improved performance of devices based on III-V nitrides, e.g., light-emitting diodes and laser diodes. Due to the chemical stability and hardness of sapphire, however, surface patterning is a time-consuming and expensive process. Therefore, a novel method was utilized, whereby a surface coating of Al was deposited on a sapphire substrate and patterned into an array of square mesas using e-beam lithography. The lateral dimensions of each mesa were approximately 400 × 400 nm, and the average height was approximately 100 nm. The metallic film was subsequently subjected to an oxidation treatment at 450°C for 24 h (a heat treatment which had previously been shown to minimize hillock formation). For the second heat treatment, which is necessary to induce migration of the sapphire interface and hence achieve solid state conversion, a range of temperatures (800-1350°C) was explored. Results showed that for a heat-treatment time of 1 h, pattern retention was achieved for annealing temperatures less than or equal to 1250°C. Successful epitaxial conversion of the patterned mesas to sapphire was confirmed using electron backscatter diffraction.
Nanopatterned sapphire substrates offer the potential for improved performance of devices based on III-V nitrides, e.g., light-emitting diodes and laser diodes. Due to the chemical stability and hardness of sapphire, however, surface patterning is a time-consuming and expensive process. Therefore, a novel method was utilized, whereby a surface coating of Al was deposited on a sapphire substrate and patterned into an array of square mesas using e-beam lithography. The lateral dimensions of each mesa were approximately 400 × 400 nm, and the average height was approximately 100 nm. The metallic film was subsequently subjected to an oxidation treatment at 450°C for 24 h (a heat treatment which had previously been shown to minimize hillock formation). For the second heat treatment, which is necessary to induce migration of the sapphire interface and hence achieve solid state conversion, a range of temperatures (800-1350°C) was explored. Results showed that for a heat-treatment time of 1 h, pattern retention was achieved for annealing temperatures less than or equal to 1250°C. Successful epitaxial conversion of the patterned mesas to sapphire was confirmed using electron backscatter diffraction.
I. INTRODUCTION
Sapphire is widely used as a substrate material for light-emitting diode (LED) and laser diode (LD) applications using III-V nitrides because of its physical robustness and high-temperature stability. 1, 2 Following from the pioneering work of Akasaki and his group, 3, 4 today nitride-based LED and LD devices have extensive applications in full-color electroluminescent displays, and high-efficiency light sources for high-density information storage on magnetic and optical media. 5, 6 Commercially, these devices are typically fabricated by metalorganic chemical vapor deposition (MOCVD) growth of a series of nitride based layers on a sapphire substrate. When GaN is epitaxially grown on sapphire, studies have shown that the resulting optical device performance is highly dependent on the quality of the substrate surface finish.
7-10 Furthermore, line defects that limit performance are generated due to the large differences in the thermal expansion coefficient and lattice constant between the nitride layer and the sapphire substrate. The threading dislocation density of conventional GaN-based LEDs and LDs on a polished sapphire substrate ranges from 10 8   -10 12 cm −2 in the GaN epitaxial layer. 11 For optimal device performance of nitride-based LEDs and LDs it is necessary to further reduce the threading dislocation density.
Selective lateral growth methods such as LEO (lateral epitaxial overgrowth) 9, [12] [13] [14] [15] and PE (pendeo-epitaxy) 16, 17 have been demonstrated to achieve lower dislocation densities, and improved operating characteristics and lifetimes in laser devices. 9, 14 These techniques have several variations, but the underlying principle is that growth of an initial GaN layer is interrupted, and the layer is masked so that only a series of "striped" ridges is exposed. (The width and separation of the striped regions varies, but is generally on the scale of 5-10 m.) Because termination of the threading dislocations in the underlying GaN occurs at the interface with the mask material, the dislocation density in the overlying, laterally grown GaN is significantly reduced.
For silicon substrates, Zubia and co-workers 18, 19 have demonstrated the benefit of an alternative approach, which utilizes a surface composed of an array of nanoscale mesas or islands. This technique, which has been termed nanoheteroepitaxy, exploits the increased mechanical compliance of the mesas (due to their nanoscale dimensions) compared to the planar substrate. Thus, strain of the mesas is able to accommodate some of the lattice mismatch with the overlying nitride. As a substrate, sapphire has several advantages compared to silicon, i.e., transparency and greater thermal stability. The degree of lattice mismatch with GaN is also lower for sapphire than for silicon. Therefore, it would be desirable to apply the nanoheteroepitaxial approach to growth on sapphire. In general, however, patterning of sapphire is more difficult because of its high hardness and chemical stability. One approach that has been applied to create features with dimensions on the order of microns is that of photolithography combined with ion etching. 20 Using this approach, Hsu et al. 21 and Chang et al. 22 have reported improvements in the output powers of nitride based LEDs grown on lateral epitaxial patterned sapphire versus conventional substrates.
Recently, Park and Chan 23 have reported a novel route to generating a pristine surface layer on a planar sapphire substrate, via oxidation of a deposited Al coating to Al 2 O 3 , and subsequent annealing to induce migration of the single crystal boundary. For convenience, the process will hereafter be described by the acronym AGOG. Based on this work, the potential exists to generate a patterned sapphire substrate by patterning of an aluminum surface film, followed by subsequent conversion. Such an approach is attractive because the fabrication of aluminum structures by standard lithographic techniques is well established. The aim of the current study, therefore, was to demonstrate the viability of achieving a nanopatterned sapphire substrate though the AGOG process.
II. EXPERIMENTAL
Sapphire disks (∼2 in. diameter) with an optical quality surface finish were obtained commercially (Saint-Gobain Crystal & Detectors Co. Inc., Washougal, WA); the disk orientation was (0001), i.e., c-plane. The process of patterning of an Al layer consisted of the following steps ( Fig. 1) : (a) deposition of a thin surface coating of Al (thickness ∼10 nm), (b) electron-beam patterning of a photo-resist layer, (c) a second deposition of Al, and (d) resist lift off. Note that preliminary studies showed that step (a) was necessary to avoid charging effects during subsequent e-beam patterning. These steps are described in greater detail in the following.
High purity Al films (99.999 wt%) were deposited using a magnetron sputter deposition system (model ATC 220, AJA International, Scituate, MA). The base pressure was less than 2 × 10 −7 Torr throughout the system, with an Ar working gas pressure of 2 mTorr; the deposition rate utilized was 5 nm/min. The thickness of the deposited Al films was measured using a profilometer (Model 10-02000, Tencor Instruments, Mountain View, CA).
Positive polymethyl methacrylate (PMMA) photoresist solution was spin coated on the sapphire disks (40 s at 2000 rpm), and heat-treated for 1 h at 150°C. Electron beam patterning was carried out on a commercial instrument (model 1550 VT, LEO Electron Microscopy Inc., Thornwood, NY) to write an array of 400 × 400 nm islands, separated by channels 200 nm in width. The overall size of the patterned area was ∼70 × 70 m. The photo-resist layer was subsequently developed to yield a layer of resist in the form of a square "mesh" on top of the initial Al film.
In the next step, a second Al deposition was carried out, this time with an average layer thickness of approximately 100 nm. The final stage in the patterning process was lift-off of the resist layer. Note that the e-beam exposure time required for through thickness penetration of the resist was determined by a series of preliminary experiments. For cases where the exposure time was insufficient, a continuous layer of resist persisted, so that liftoff resulted in the loss of the Al islands. Over exposure is also undesirable, as it degrades the accuracy of the patterning.
This patterned disk was subsequently subjected to a dual-stage heat treatment. The first step involved an oxidation anneal at 450°C for 24 h. (This heat treatment was selected based on previous work on planar substrates, which showed that hillock formation was minimized under these conditions.) This was followed by a hightemperature heat treatment in the range of 800-1350°C for 1 h to induce growth of the underlying sapphire single crystal to consume the oxide layer. The temperature ramp rate was 1°C/min up to 800°C, and then 5°C/min thereafter. All heat-treatments were carried out in air in a box furnace (Lindberg Co., Watertown, WI) with the substrates contained in a high-purity alumina crucible.
The surface morphologies of the substrates were characterized both in the as-received condition, and after each stage of the patterning and heat-treatments. Scanning electron microscopy (SEM) examination of all samples was carried out in the uncoated state. In the case of the specimens with an oxide outer layer, issues related to specimen charging were avoided by either operating at a low acceleration voltage (FIB Strata DB235, FEI Co., Hillsborough, OR), or by utilizing an environmental scanning electron microscope (SEM; Model XL-30, Philips Inc., Eindhoven, The Netherlands), whereby a gas pressure of 0.1 Torr was maintained at the specimen surface. Atomic force microscopy (AFM; Nanoscope III, Digital Instruments, Santa Barbara, CA) was used for surface profiling. The microscope was operated in the tapping mode with a Si 10 nm radius tip. After conversion, phase and crystal orientation identification of the patterned features was carried out at 20 keV using electron backscatter diffraction (EBSD) in a SEM with a field-emission gun (FEG-SEM; Model XL-30, Philips Inc., Eindhoven, The Netherlands).
III. RESULTS AND DISCUSSION
A SEM image depicting the surface of the substrate after e-beam patterning and development of the resist (but prior to the second aluminum deposition) is shown in Fig. 2 . The square-shaped cavities in the resist mask are clearly visible due to the distinct microstructure of the underlying Al layer. Following Al deposition and resist liftoff, a rectangular array of square mesas is left behind; each mesa has lateral dimensions of ∼400 × 400 nm. Figure 3 shows the AFM image of the patterned aluminum surface. Using this technique, it can be seen that the upper surfaces of the mesas are not flat; instead, they have a dimpled appearance, where the center of the mesa is lower than the edges. This aspect of the mesa structure is readily apparent in Fig. 3(b) , which shows an AFM line profile taken across a single mesa. It can be seen that the height of the outer rim of the mesa is approximately 140 nm, whereas that of the interior is approximately 60 nm, giving an average height of approximately 100 nm. The accumulation of more Al at the sidewalls is a lithography related issue, and arises partly because under the deposition conditions utilized, the angle between the line of sight to the plasma gun and the substrate normal is 32.8°.
Following the oxidation heat treatment (24 h at 450°C), examination in the SEM showed that there was little observed change in the morphology of the individual mesas (Fig. 4) . This result was not unexpected given that the oxidation temperature is well below the melting temperature of Al (660°C), and previous studies 24 have indicated that the thickness of the oxide film, which develops under these conditions is only of the order of 20 nm. More dramatic changes in the pattern morphology were observed following the second heat treatment designed to induce grain growth of the sapphire. For example, for substrates that subsequently experienced annealing temperatures of 1250°C (or higher), it was found that smoothing and coalescence of the island features had occurred to such an extent that the patterning was no longer discernible.
The phenomenon of surface diffusion driven smoothing of surface features is well established in the literature [25] [26] [27] [28] and occurs due to surface energy considerations. 29, 30 The kinetics of the smoothing of the mesas can be used to derive information on the diffusion mechanism, and such work is in progress. For the successful fabrication of nanopatterned sapphire, the relative kinetics of smoothing versus grain growth of the underlying sapphire is critical. Fortunately (from the stand point of the process), for heat treatments at the lower temperatures utilized, i.e., 1000 and 1150°C, the patterns were retained. Figure 5(b) shows a SEM image of the morphology of the patterned surface after heat treatment for 1 h at 1,000°C, and Fig. 5(c) depicts a corresponding AFM line profile for the converted mesas. For the purposes of comparison, the corresponding image for the as-patterned Al film is also included [ Fig. 5(a) ]. It can be seen that compared to the patterned metallic state, some rounding of the island features has occurred. Nonetheless, the patterned array is clearly discernible. The height of the mesas following the conversion heat-treatment of 1 h at 1000°C was approximately 115 nm.
EBSD analysis using a Schottky FEG-SEM (20 kev accelerating voltage) was used to determine whether successful conversion to sapphire had taken place. An example of such a pattern is shown in Fig. 6(a) . For comparison, the EBSD pattern obtained from a region of the substrate outside of the patterned area is also included [ Fig. 6(b) ]. Indexing of the patterns (TSL, Provo, UT) confirmed that the mesas consisted of sapphire and that the orientation was the same as that of the substrate, namely (0001). Note that in contrast, a sample that was given the same oxidation treatment (i.e., 24 h at 450°C) and annealed for 1 h at 600°C did not yield clearly defined EBSD patterns (Fig. 7) . This demonstrates that for the given original Al film thickness (which was the same in both cases), the contribution from the sapphire substrate is negligible.
To provide further confirmation that the EBSD pattern in Fig. 6(a) originated from the mesa (as opposed to the underlying substrate), the depth of the interaction volume was estimated as follows. Ren et al. 31 have used a Monte Carlo model to simulate specimen-electron beam interactions relevant to EBSD. Their data shows that for aluminum, at an accelerating voltage of 20 keV, the depth resolution of EBSD is ∼110 nm. The corresponding value for alumina can be estimated by a scaling 
where A is the atomic weight, Z the atomic number, and the density. Substituting in the appropriate (average) values for alumina gives a scaling factor of 0.65 relative to aluminum and thus a depth resolution of approximately 72 nm. Given that this value is less than two thirds of the converted mesa height [ Fig. 5(c) ], it can be seen that the EBSD data does indeed confirm the successful conversion of the patterned state from aluminum to sapphire.
IV. SUMMARY
A novel process (AGOG) was utilized to achieve surface patterning of sapphire, beginning with a patterned film of metallic Al. Using e-beam patterning, a regular array of square mesas (Al) was fabricated on the surface of a sapphire substrate. Successful conversion to nanopatterned sapphire was obtained for an oxidation heat treatment at 450°C for 24 h and a grain growth anneal for 1 h at 1000°C. Grain growth heat treatments at higher temperatures led to loss of the pattern morphology due to surface diffusion driven smoothing. It is believed that the above process has potential for the fabrication of substrates for nanoheteroepitaxial growth of GaN.
